Shallow temperature measurem ts (-2-5 m) have been made by a number of investigators in the geological sciences for the past several decades, but the potent$al of shallow reconnaissance surveys for geophysical exploration has not been extensively developed. This appears to be due to the lack of experience that most geophysicists have with shallow thermal surveys, and, until now, the limited number'of case history studies incorporating this method.
shallow temperature survey method was used in eastern California and the results can be compared with existing relatively deep reconnaissance temperature gradient and heat flow measurements. The comparison suggests that at least in this terrain the shallow temperature survey can generate the same valuable reconnaissance data available from deeper surveys, but at substantial cost savings. geothermal a was presepted by Kintzinger (1956) in his survey of hot ground near Lordsburg, New Mexico. Using thermistors emplaced Bt a depth of 1 m, he observed a temperature anomaly of some 10 C surrounding a hydrothermal area. Cartwright (1968) showed that thermistors emplaced at a depth of 50 cm could closely approximate theoretical temperature anomalies at the surface owing to shallow lying aquifers. Birman (1969) , emplacing thermistors at a depth of 3 m, measured temperature variations due to groundwater flow in southern California and began actively using shallow temperature geothermal surveying as one of a combination of geophysical and geological techniques for locating ground water on a commercial basis 'Brien (1970) also conducted studies of a groundThis report will document two case histories where the ly example of shallow temperature surveying at a perature survey techniques.
the application of this technique to locating salt domes and shallow faults in the Netherlands was provided by Poley and Van Steveninck (1970) . used most satisfactorily in southern California by Sabins (1976) . Noble and Ojiambo (1975) , emplacing thermistors at 1-m depth, helped delineate a geothermal area in Kenya. Lee (1977) , using data obtained at depths greater than we consider shallow (up to 15 m) has shown the potential of extrapolating near-surface temperature gradients to much greater depths in known geothermal areas.
Their technique was
Despite the p r e v i o u s research c i t e d , l i t t l e attempt h a s been made t o u s e t h e shallow t e m p e r a t u r e survey t e c h n i q u e as a n o p e r a t i o n a l geophysical e x p l o r a t i o n t o o l , especially f o r geothermal reconnaissance surveys. T h i s , w e s u s p e c t , i s because adequate case h i s t o r i e s of known geothermal areas where t h i s t e c h n i q u e has been used have n o t been p r e s e n t e d i n t h e l i t e r a t u r e , and p o t e n t i a l p e r t u r b i n g e f f e c t s on t h e s h a l l o w t e m p e r a t u r e data--real o r imagined--have n o t been subjected t o adequate s c r u t i n y . I n summary, B i r m a n (1969) ance from a multitude of surface and subsurface variables. The latter seem much more formidable in theory than in practice, if reasonable precautions are used. Temperature, like pressure, composition, and time, is one of the basic physical parameters, and its use as a geological tool has only begun to be explored."
. 2 Two KGRA Case Histories S t u d i e d I n t h e past f e w years data from r e l a t i v e l y deep reconn a i s s a n c e h e a t f l o w h o l e s and complementary geological and geop h y s i c a l data have become a v a i l a b l e f o r t h e Long V a l l e y and Cos0
Geothermal areas of e a s t e r n C a l i f o r n i a . As a r e s u l t , i t w a s p o s s i b l e t o examine t h e e f f i c a c y of s h a l l o w temperature measurement a s a r e c o n n a i s s a n c e mapping t o o l a t these t w o areas. Direct comparisons w i t h deeper t e m p e r a t u r e and heat flow measurements could be made.
Lachenbruch, et g . (1976) provided a temperature map of t h e Long V a l l e y area a t a depth of 10 m. They concluded:
"AS long as synoptic observations are used at these sites, essentially the same (temperature) pattern emerges for contours at the 6-m depth, and much of it persists at 3 m." Combs (1975) and Combs (1976) showed t h e t e m p e r a t u r e anomaly p a t t e r n he observed a t 30-m depth persisted a t d e p t h s of 20 m a s w e l l a s a t 10 m. With t h e encouragement prov i d e d by these i n d e p e n d e n t l y conducted s t u d i e s , w e f e l t i t w a s worthw h i l e d r i l l i n g a series of 2-m deep h o l e s a t these t w o s i t e s t o det e r m i n e j u s t how much of t h e anomalies i d e n t i f i e d by these p r e v i o u s s t u d i e s c o u l d be detected a t a depth of 2 m.
T h i s o b s e r v a t i o n provided s t r o n g m o t i v a t i o n f o r u s t o purs u e o u r s h a l l o w t e m p e r a t u r e s t u d i e s . A t t h e C o s 0 Geothermal area, 150 m i l e s s o u t h of Long V a l l e y ,
The Advantages and Disadvantages of Shallow Temperature Surveys
The obvious advantage of a shallow temperature survey is that it is rapid and inexpensive. Whelan (1977) determined that an overall average cost in 1975 for drilling relatively deep thermal gradient or heat flow holes was approkimately $60/m. This was based on use of a Mayhew 1000 drill and included mobilization, materials and incidental costs. Several days were required to complete each hole and make measurements. 1 On the other hand, we drilled our shallow holes at Long Valley with a 2-man hand-held, 3-hp hole digger, and at Cos0 with a truck-mounted post hole digger. At both locations 1-2 holes an hour could be drilled and instrumented, the speed depending largely on the nature of the terrain and the distance between consecutive holes. We estimate an approximate cost of $25-$50 per hole for such drilling when 100 or more holes are to be emplaced at a given survey site.
The economic advantages of shallow temperature surveying are clear. The overall disadvantages are clear also, and have long been known. The major purpose of our study has been therefore to evaluate the various perturbing effects which impinge on shallow temperature measurements, and in the context of our case study comparisons, evaluate (a) the severity of these effects and (b) if they can be adequately compensated for to permit cost-effective use of shallow temperature reconnaissance surveys for geothermal exploration.
and Kappelmeyer and Haenel (1974) , have very adequately covered the perturbing effects which are of concern to us, and which have in fact encouraged deep reconnaissance drilling almost to the exclusion of shallow measurements. These effects are due to: Lovering and Goode (1963) , Poley and Van Steveninck (1970) , (-1) Diurnal solar heating variation.
(2) Annual solar heating variations. Variations in surface albedo, which f energy absorbed.
ations in su e roughness, which affects amount of heat convected away due to turbulent flow of the wind.
Variations of soil thermal diffusivity.
Slope and exposure of the terrain. (7) f ( 8 ) V a r i a t i o n s i n e l e v a t i o n .
( 9 ) V a r i a t i o n s i n l e v e l of ground water and ground-water movement.
Temperature v a r i a t i o n s owing t o these e f f e c t s are g e n e r a l l y n e g l i g i b l e below a depth of 20-30 m y w i t h t h e e x c e p t i o n of groundwater movement. Hence, t h e great m a j o r i t y of reconnaissance surveyi n g h a s been conducted below t h i s l e v e l t o avoid these effects, and t o o b t a i n a r e l a t i v e l y long v e r t i c a l s e c t i o n a l o n g which tempera t u r e g r a d i e n t s can be measured. r a p i d , cost-effective thermal reconnaissance surveying t e c h n i q u e , however, w e have developed along t h e l i n e s shdwn by Birman (1969) and Poley and Van Steveninck (1970) a methodology f o r e v a l u a t i n g t h e p e r t u r b i n g effects ( w i t h t h e e x c e p t i o n of ground-water movement) and c o r r e c t i n g f o r them a t a depth of 2 m. A s a r e s u l t , w e b e l i e v e t h a t a t least f o r c e r t a i n areas t h e many p e r t u r b i n g e f f e c t s o f t e n h e l d up a s d i s a d v a n t a g e s t o s h a l l o w temperature surveying c a n be e l i m i n a t e d or shown t o have l i t t l e e f f e c t , l e a v i n g f o r t h e shallow t e m p e r a t u r e s u r v e y i n g t e c h n i q u e t h e advantages of speed and l o w cost.
2. F i e l d Procedures I n t h e i n t e r e s t s of developing a A t t h e o u t s e t of o u r f i e l d work, our basic procedures were those o u t l i n e d by Poley a n d Van Steveninck (1970) which had been modified a s a r e s u l t of d i s c u s s i o n s w i t h Birman (1977) and S a b i n s (1976) . These p r o c e d u r e s were t h e n modified a g a i n and augmented, especially d u r i n g t h e conduct of t h e September 1977 Cos0 s u r v e y , as a r e s u l t of t h e e x p e r i e n c e gained d u r i n g t h e Long V a l l e y f i e l d work. The basic procedure i n v o l v e s a u g e r i n g a 2-m deep h o l e f o r each measurement l o c a t i o n , i n s e r t i n g a t h e r m i s t o r probe i n t h e h o l e , b a c k f i l l i n g t h e h o l e , w a i t i n g u n t i l t h e thermistor e q u i l i b r a t e s , and f i n a l l y making a measurement of t h e t e m p e r a t u r e a t t h a t s i t e . T h i s is done a t a s u f f i c i e n t number of l o c a t i o n s a t a given survey area s o t h a t a contour map of t e m p e r a t u r e s a t t h e 2-m d e p t h c a n be cons t r u c t e d . D r i l l i n g w a s accomplished a t t h e Long V a l l e y s i t e by u s e of a two-man G e n e r a l Hole Digger (Model 21) powered by a 3-hp Tecumseh 2-cycle g a s o l i n e e n g i n e . A 5-cm ( 2 -i n ) auger w a s used w i t h t h e h o l e digger ( F i g u r e 1). T h i s w a s g e n e r a l l y s a t i s f a c t o r y i n t h e sandy and s i l t y s o i l s of t h e h i g h desert area i n t h e Long V a l l e y caldera. The s o i l g e n e r a l l y had s u f f i c i e n t c o h e s i v e n e s s s o t h a t a 2-m h o l e could be augered without t h e u s e of d r i l l i n g water. Where there were stones or gravel too large f o r t h e auger t o handle, t h e procedure w a s s i m p l y t o move t o a n o t h e r l o c a t i o n n e a r b y and t r y a g a i n .
A t t h e Cos0 s i t e , a truck-mounted h y d r a u l i c p o s t h o l e digger w a s used ( F i g u r e 2 ) . The auger w a s approximately 18 c m ( 7 i n ) i n diameter, a n d t h e s o i l , l a r g e l y v o l c a n i c a s h , w a s so f r i a b l e t h a t d r i l l i n g water w a s e s s e n t i a l . would not work here because of t h e s o i l ' s f r i a b i l i t y ; t h e hole would collapse as soon as t h e auger w a s removed. il' Both s i n g l e and multi-element thermistor probes were used a t t h e t w o sites. The thermistors are guaranteedoby t h e manufacturer t o be i n t e r c h p g e 8 b l e t o q a t o l e r a n c e of f 0.1 C w i t h i n t h e temperature r a n g e of 0 -80 C, t h e r a n g e i n which w e worked. a YSI Model 46 TUC Tebe-thermometer, a Wheatstone bridge t h a t h a s an accuracy of k 0.15 C. The thermistor p r o b e s were i n s e r t e d in each h o l e as soon as it w a s d r i l l e d and t h e h o l e w a s b a c k f i l l e d w i t h t h e auger c u t t i n g s . p i p e , A t both t h e Long V a l l e y and t h e Cos0 s i t e s a random probe w a s read a t f r e q u e n t i n t e r v a l s a f t e r i n s e r t i o n t o determine t h e t i m e d e l a y r e q u i r e d f o r t h e thermistor t o come t o e q u i l i b r i u m w i t h its s u r r o u n d i n g s . F i g u r e s 4 and 5 show t h e decay c u r v e s f o r S t a t i o n 25 a t Long V a l l e y and S t a t i o n 13 a t Coso, r e s p e c t i v e l y .
S i n c e t h e major p o r t i o n of t h e d i s t u r b a n c e of t h e 2-m s o i l t e m p e r a t u r e is due t o t h e f r i c t i o n -g e n e r a t e d h e a t of t h e a u g e r , it i s a p p r o p r i a t e t o p l o t t h e decay c u r v e s on semi-log paper because t h e decay is e x p o n e n t i a l . T h i s t y p e of p r e s e n t a t i o n shows clearly t h e p o i n t a t which t h e t h e r m i s t o r comes i n t o e q u i l i b r i u m . The 5-cm diameter Long V a l l e y holes reached e q u i l i b r i u m i n approximately 300 minutes; i n p r a c t i c e , we read them t h e f o l l o w i n g day. The Cos0 holes, because of t h e larger diameter (18 c m ) a u g e r , took between 700 and 1000 minutes t o e q u i l i b r a t e ; i n practice, w e waited f o u r o r f i v e days before w e read them.
They were read w i t h F i l l w a s dropped i n t o t h e hollow PVC 3. Data C o l l e c t i o n 3.1 Long V a l l e y F i g u r e 6 shows t h a t area of Long V a l l e y where w e conducted o u r s u r v e y . I t is t h e same area mapped by Lachenbruch --e t a l . (1976) a t a depth of 10 m. W e used t h e i r s t u d y t o p r o v i d e g e n e r a l guidance i n l o c a t i n g o u r probes. T h r e e d i s t i n c t probe emplacement programs w e r e conducted t o :
A t t e m p t t o make comparison w i t h t h e c o n t o u r s of Lachenbruch -e t -a l . (1976) . Measure s p a t i a l v a r i a b i l i t y of 2-m t e m p e r a t u r e s .
Measure t e m p e r a t u r e v a r i a t i o n s i n an obvious s p r i n g discharge area.
Only t h e f i r s t program w i l l be d i s c u s s e d i n t h i s Semi-Annual The o t h e r programs w i l l be covered i n t h e f o l l o w i n g s e m iReport. annual r e p o r t . Twenty-seven 6-element thermistor p r o b e s were emplaced a t t h e Long V a l l e y s i t e , a s shown i n F i g u r e 6 . were a t d e p t h s of 0.1, 0.25, 0.5, l r O , 1 . 5 and 2.0 m. Ernplacement w a s made g e n e r a l l y i n a s t r a t i f i e d random f a s h i o n . The s t r a t i f i c a t i o n was made on a 1 -m i l e s e c t i o n b a s i s w i t h i n which a random site* w a s chosen. The hole w a s u s u a l l y d r i l l e d w i t h i n 100-300 m of a road o r t r a i l . 1 -m i l e s e c t i o n , and if t h e randomly chosen l o c a t i o n w a s not d r i l lable, w e kept s e a r c h i n g f o r some l o c a t i o n nearby t h a t w a s .
Elements W e t r i e d t o emplace a t least one hole p e r
The probes w e r e allowed t o e q u i l i b r a t e and w e r e t h e n read. Between midnight 8-9 J u l y , 1977, and midnight 9-10 J u l y , 1977, t h e y were read a t approximately six-hour i n t e r v a l s so t h a t d i u r n a l v a r i a t i o n c o u l d be determined. Twenty-three of t h e probes were read a t least s i x a d d i t i o n a l t i m e s between 9 J u l y and 15 August, 1977. Four r e p r e s e n t a t i v e p r o b e s have been l e f t a t Long V a l l e y so t h a t one complete annual c y c l e c a n be determined. n e s s were measured. S o i l samples were collected a t t h e s u r f a c e and a t a d e p t h of 40-50 cm. A base s t a t i o n was e s t a b l i s h e d a t which s u r f a c e weather o b s e r v a t i o n s , mean w i n d speed, incoming solar r a d i a t i o n and n e t r a d i a t i o n were measured. The base s t a t i o n ( F i g u r e 7 ) , located i n S e c t i o n 13, n o r t h e a s t of Lake Crowley (see F i g u r e 6 ) , w a s chosen because, a c c o r d i n g t o Lachenbruch _ . -et a l . (1976) , i t w a s i n an area w i t h close-to-normal heat f l o w . The base , s t a t i o n equipment i n c l u d e d a meteorograph t o record s u r f a c e t e m p e r a t u r e , humidity and p r e s s u r e ; a L i n t r o n i c pyronometer t o measure incoming s o l a r r a d i a t i o n ; a n e t all-wave radiometer t o measure n e t r a d i a t i o n a t t h e s u r f a c e ; an i n v e r t e d L i n t r o n i c pgronmeter t o measure a l b e d o ; casella anemometers t o measure average d a i l y wind speed, and s o i l h e a t f l u x p l a t e s .
A t each of t h e 27 sites s u r f a c e albedo a n d s u r f a c e rough-
. 2 cos0
On 28 and 29 J u l y , 1977, 24 1-element probes w e r e emp l a c e d a t Cos0 as shown i n F i g u r e 8. The c r i t e r i a f o r emplacement w a s easy a c c e s s i b i l i t y , i . e . , a l o n g roads o r t r a i l s , and knowledge t h a t a geothermal anomaly, a l r e a d y i d e n t i f i e d w i t h deep reconnaissance d r i l l i n g ( C o m b s ) , 1975; Combs 1976), could be covered. These 24 probes w e r e read on 2-3 August, 1977. couraging w e r e t u r n e d on 14 September, 1977. Between 1 4 and 18 September, 78 more p r o b e s were i n s e r t e d t o better d e l i n e a t e t h e anomaly area. Of t h e s e , 24 had e l e m e n t s a t 1.5 m i n a d d i t i o n t o an e l e m e n t a t 2 m; f o u r were six-element probes.
Albedo, s u r f a c e roughness a n d s o i l samples from a d e p t h of 30-40 c m w e r e collected a t each of t h e o r i g i n a l 24 s i t e s . A base s u r f a c e weather s t a t i o n w a s e s t a b l i s h e d i n S e c t i o n 11 w e s t *A random number generator was used t o g e n e r a t e a mileage v a l u e t o proceed t o upon e n t e r i n g each new 1 -m i l e s e c t i o n .
The r e s u l t s were so en- (Haiwee Reservoir and Little Lake of Sugarloaf Mountain. The f o u r 6-element probes, emplaced a t r e p r e s e n t a t i v e locations around t h e anomaly, were read approximately every s i x h o u r s between noon of 24 September t o noon of 25 September, 1977 .
FIGURE 7 : The Base S t a t i o n a t Long V a l l e y , C a l i f o r n i a i s l o c a t e d i n S e c t i o n 1 3 , n o r t h e a s t of Lake Crowley, V i e w is toward n o r t h e a s t .

.
Examining t h e Data
These probes have been l e f t i n place a t Coso.
A s expected from Birman (1969) , Poley and Van Steveninck (1970) and S a b i n s (1976), emplacement of probes a t a 2-m depth avoided comp l e t e l y t h e effect of d i u r n a l v a r i a t i o n s of s o l a r i n p u t .
V a l l e y most of o u r probes had s i x elements. A t Cos0 f o u r of o u r probes had s i x elements. A s a-r e s u l t , i t was p o s s i b l e t o o b t a i n a d e t a i l e d s o i l t e m p e r a t u r e p r o f i l e a t l o c a t i o n s where these probes were emplaced. o v e r one d i u r n a l cycle f o r f o u r r e p r e s e n t a t i v e s i t e s a t Long V a l l e y and Coso, respectively. I t can be s e e n , therefore, t h a t a t these sites d i u r n a l v a r i a t i o n is n e g l i g i b l e below a depth of 1 m (see Appendix A f o r Long Valley d i u r n a l measurements). r a n g e of t h e annual solar cycle which can u s u a l l y be observed t o a d e p t h of some 20 m. due t o t h e annual v a r i a t i o n a t o u r s i t e s ranged from 0.01-0.08 C per-day.
A q u a r t e r of t h e annual cycle has been observed a t f o u r r e p r e s e n t a t i v e sites a t Long V a l l e y ( F i g u r e 11). Though it i s clear t h e annual effect is s i g n i f i c a n t , i f a survey f o r a g i v e n area is completed w i t h i n a f e w days a f t e r i t s commencement, corr e c t i o n s t o t h e 2-m temperatures w i l l be minimal. The effect of aperiodic s o l a r v a r i a t i o n s of any period have been deemed n e g l ig i b l e a s f a r as o u r data are concerned because t h e y c a n be assumed t o c a u s e t e m p e r a t u r e changes d u r i n g a t y p i c a l s u r v e y less t h a n those caused by t h e a n n u a l v a r i a t i o n .
A t Long F i g u r e s 9 and 1 0 show t h e s o i l temperature v a r i a t i o n s A t a depth of 2 m , however, o u r probes are w e l l w i t h i n t h e Empirically, we determined t h e d a i l y chgnge .
C o r r e c t i o n s t o t h e Data
C o r r e c t i o n s f o r S p a t i a l ' V a r i a t i o n s i n
Parameters which effect t h e s u r f a c e energy p a r t i t i o n i n g and heat f l o w i n t o t h e s o i l were measured o r estimated a t each loc a t i o n (27 s i t e s a t Long V a l l e y and 24 a t Coso). A t each of t h e s e sites, albedo, s u r f a c e roughness and p e r c e n t a g e of s o i l ' m o i s t u r e were o b t a i n e d . Albedo w a s measured w i t h a L i n t r o n i c solarimeter w h i l e s u r f a c e aerodynamic roughness w a s c a l c u l a t e d from geometric characteristics of t h e s u r f a c e f o l l o w i n g t h e method of L e t t a u (1969). A t each s i t e a s o i l sample w a s collected and analyzed i n t h e laborat o r y f o r p e r c e n t a g e s o i l m o i s t u r e c o n t e n t , bulk d e n s i t y , p e r c e n t a g e o r g a n i c carbon and t e x t u r e c l a s s , e r a t u r e measurements, thermal d i f f u s i v i t y w a s c a l c u l a t e d f o r ' f o u r s i t e s a t each l o c a t i o n u s i n g t h e f o l l o w i n g formula:
I
From t h e observed 6 -l e v e l temp- An independent estimate of thermal d i f f u s i v i t y f o r t h e base s t a t i o n a t Long V a l l e y u s i n g t h e phase l a g of t h e maximum temperature wave showed good agreement between c a l c u l a t e d v a l u e s . I n a d d i t i o n , these v a l u e s of d i f f u s i v i t y were s i m i l a r t o quoted v a l u e s i n t h e l i t e r a t u r e f o r d r y sand s o i l . Table 1 shows t h e v a l u e s of albedo, s u r f a c e roughness, and thermal d i f f u s i v i t y f o r Long V a l l e y and Coso. Tables 2 , 3 and 4 are t h e r e s u l t s of t h e s o i l a n a l y s i s f o r Long V a l l e y ( s u r f a c e and 40-50 c m d e p t h ) and Cos0 (30-40 c m d e p t h ) . Table 5 d i s p l a y s t h e means and s t a n d a r d d e v i a t i o n s of t h e v a r i o u s s u r f a c e -s o i l parameters.
W e f e e l t h e s u r f a c e -s o i l p r o p e r t i e s e x h i b i t a s t r i k i n g degree of homogeneity, especially a t Coso. I n many ways, t h i s homog e n e i t y i s t o be expected when one examines Tables 2 , 3 and 4. There is a great degree of s i m i l a r i t y i n t h e t e x t u r a l class of a l l t h e s o i l s a t ' b o t h l o c a t i o n s --a l l having a h i g h c o n t e n t of sand, w i t h many e x h i b i t i n g h i g h proportions of g r a v e l and l o w amounts of clay-size p a r t i c l e s and o r g a n i c matter. t h i s u n i f o r m i t y are albedo and percentage m o i s t u r e c o n t e n t (45-cm d e p t h ) f o r Long V a l l e y . The albedo h a s 6 of 27 v a l u e s grouped between 29%&^and 32% w i t h a break o c c u r r i n g i n t h e d i s t r i b u t i o n a t 26%. T h e s i t e s which f e l l i n t o t h e higher p e r c e n t a g e group had a cover of w h i t e a l k a l i on t h e s u r f a c e . T h e s e a r e t h e same playa areas w h i c h i n f l u e n c e d t h e percentage m o i s t u r e c o n t e n t d i s t r i b u t i o n , producing a s h a r p break i n t h e classes between 9% and 14% s o i l m o i s t u r e , w i t h 8 of t h e 27 samples having m o i s t u r e c o n t e n t greater t h a n 14%.
I n b o t h cases, t h i s h i g h e r valued class i n c r e a s e d t h e sampled v a r iance f o r t h e i r r e s p e c t i v e d i s t r i b u t i o n s . T h i s v a r i a t i o n c o u l d be reduced by sub-dividing t h e samples i n t o t w o d i s t i n c t classes
based on dichotomous s u r f a c e grouping of a l k a l i / n o a l k a l i . Two p o s s i b l e e x c e p t i o n s t o W e expect t h e observed v a r i a t i o n s i n t h e s u r f a c e / s o i l propFor example, Kappelmeygr and Haemel (1974) q u o t e erties w i l l n o t a f f e c t t h e t e m p e r a t u r e a t 2 m w i t h i n t h e errors of measurement.
( o n tab&e 3 . 1 4 ) d i f f e r e n c e s of = 1.0 C i n mean annual temperature and 2 . 3 C maximum difference of t e m p e r a t u r e a t 2 m between a d j a c e n t forest and m e a d o w c o v e r . a t i o n i n albedo and a t l e a s t a n order of magnitude d i f f e r e n c e i n s u r f a c e roughness between t h e t w o s u r f a c e s . However, i t r e m a i n s t o be d e f i n i t i v e l y s t a t e d how s e n s i t i v e , o n a n annual t i m e frame, t e m p e r a t u r e changes a t 2 m are t o v a r i a t i o n s i n t h e s u r f a c e s o i l One may assume approximately a 10% v a r i - 
properties. This statement must await the development of an annual surface climate energy budget model.
that perturbations owing to differences in albedo, surface roughness and thermal diffusivity over the areas encompassed in our two case history surveys are small compared to the size of our anomalies and can be neglected at these sites. This does not imply the above effects are always negligible. These parameters should be examined at each new site where shallow temperature surveys are undertaken.
In summary, our surface and near-surface data indicate 5.2 Elevation Corrections to 2-m Temperature Data be affected by the mean annual tempgrature at the surface. Assuming an adiabatic 1-apse rate of -1.0 C/100 m of elevation, it is clear that a noticeable mean annual surface temperature difference would be experienced between the highest and lowest sites at least at the Cos0 site, if not at the Long Valley site. We tested this by computing the correlation coefficien for the 2-m temperatureelevation sets at Long Valley (Table 6 ) and at Cos0 (Tables 7 and It would be expected the temperature at 2-m depth would 8 ) Table 6 lists the temperatures and the elevations observed at Long Valley, as determined from the USGS Topographic sheet. No significant temperature-elevation correlation was observed. However, the variation in elevation is small (the standard deviation is only 16 m or 52 ft). Table 7 lists the 24 original temperature-elevation-sets f o r the Cos0 site. Here, too, there is no meaningful correlation. But the standard deviation of elevations is still relatively small, i.e., 77 m (251 ft). A wider range of elevations is shown in Table 8 In this case, we chose two relatively flat areas--one to the t of the anomaly, the other to the north--where there was a large difference in mean elevation but relatively little temperature or elevation variation within erature-elevation correlations are made among the data for each of the data sets independently, i.e., the western set and the horthern set, the standard deviations of elevations are small and th re is no significant correlation for the northern set and a modest positive correlation for the western set. when the cor elation is made with the western and northern set combined, the standard deviation in elevations is several times larger than in prev ous cases and the correlation coefficient is -0 . 8 7 , indicating a significant negative correlation among temperature and elevation. temperatures were affected by temperature change due to elevation (i.e., the adiabatic change). The + 0 . 7 8 correlation for the western set may"be indicative of a shallow soil layer thinning in the direction of higher elevation. Such a thinning layer could bring 
Mean elevation = 4971 f t (1516 m) Standard d e v i a t i o n = 98 f t (30 m)
Correlation coefficient, r x y = +0.11
t h e more conductive bedrock r e l a t i v e l y so much 
closer t o t h e probes a t t h e h i g h e r e l e v a t i o n s t h e n a t t h e lower e l e v a t i o n s a s t o s i g n i f i c a n t l y i n c r e a s e t h e temperature recorded a t t h e s e h i g h e r e l e v a t i o n s . A s h a l l o w , t h i n n i n g s o i l l a y e r is c o n s i s t e n t w i t h t h e a l l u v i a l n a t u r e of t h i s area.
t h e n o r t h e r n data set and t h e westerg data s e t i s 434 m (1424 f t ) .
With an adiabatic lapse r a t e of -1.0 C/100-m e l e v a t i o~ change, t h e c a l c u l a t e d mean t e m p e r a t u r e d i f f e r e n c e shoulg be 4.34 C. The measured mean t e m p e r a t u r e d i f f e r e n c e is 3.81 C. I t therefore seems clear t h e change of temperature w i t h e l e v a t i o n becomes.sign i f i c a n t w i t h elevation d i f f e r e n c e s of 100-200 m o r more. If t h i s range of e l e v a t i o n s a p p e a r s , t h e 2-m t e m p e r a t u r s s should be corr e c t e d . U s i n g t h e a d i a b a t i c l a p s e r a t e of -1.0 C/100 m, w e have corrected t o an a r b i t r a r i l y picked datum of 3400 f t , a l l t h e 2-m t e m p e r a t u r e s g a t h e r e d a t t h e Cos0 s i t e and have l i s t e d them o n T a b l e 9.
Examination of t h e mean e l e v a t i o n d i f f e r e n c e between
C o r r e c t i o n s f o r Topographic E f f e c t s A t Long V a l l e y and a t C o s 0 w e took care t o see t h a t t o p o g r a p h i c d i s t u r b a n c e s were kept t o a minimum. W e made every a t t e m p t t o gather o u r data where t h e s l o p e of t h e t e r r a i n w a s close t o zero a n d therefore t h e exposure of t h i s s u r f a c e t o t h e sun would vary l i t t l e from p l a c e t o place. Most of o u r data were collected i n areas where t h e data s i t e s were o u t of shadow zones.
Althdugh some of o u r data were collected a t l o c a t i o n s where t h e y were i n t h e shadow of large h i l l s a t some t i m e d u r i n g t h e day ( s i t e s 6 and 14 a t C o s 0 are examples), t h e y were s u f f i c i e n t l y f a r away so t h a t t h e shadow effect occurrei3 o n l y i n t h e e a r l y morning or t h e l a t e a f t e r n o o n when there i s r e l a t i v e l y l i t t l e solar i n p u t .
With one e x c e p t i o n w e k e p t o u r s i t e s f a r enough away from large topographic f e a t u r e s , i . e . , h i l l s , g o r g e s e t c . , s o t h a t topographic effects as estimated according t o t h e t e c h n i q u e s desc r i b e d by Lachenbruch (1968) would be minimal. I n t h e o n e except i o n , s i t e 16 a t C o s 0 w a s d e l i b e r a t e l y chosen close t o a s h a r p drop-off. S i t e 1 7 , i t s neighbor 15 m away, w a s s u f f i c i e n t l y removed t o be u n g f f e c t e d . t h e s i t e s , 0.5 C y w a s c o n s i s t e n t w i t h t h e v a l u e estimated a c c o r d i n g t o Lachenbruch's t e c h n i q u e .
The measured t e m p e r a t u r e d i f f e r e n c e between I n summary, it can be s e e n from t h e 2-m t e m p e r a t u r e cont o u r p l o t s of t h e Long Valley o r C o s 0 sites ( F i g u r e s 1 2 and 13) t h a t there is no o b s e r v a b l e correlation between them, and t h e topographic c o n t o u r s ( F i g u r e s 6 and 8 ) , and t h e corrections due t o topographic effects are n e g l i g i b l e a t t h e s e t w o case h i s t o r y s i t e s . Where t h e t e m p e r a t u r e a n o m a l i e s are n o t a s g r e a t a s t h e y are i n our t w o case h i s t o r i e s , q u a n t i t a t i v e e v a l u a t i o n of these t o p o g r a p h i c a l effects might be necessary, even w i t h t h e p r e c a u t i o n s of s i t e location t h a t w e took i n g a t h e r i n g t h e p r e s e n t data. 
--------------No
Hole-------------FIGURE 1 2 ( a , a b o v e ) : m a p a t Long V a l l e y i n J u n e ( a f t e r Lachenbruch, e t a l . , 1976) i s compared w i t h a computer-generated 2-m t e m p e r a t u r e c o n t o u r map b a s e d on o u r data ( b , r i g h t ) . W e u s e d 26 of t h e 27 d a t a p o i n t s collected on 10 J u l y 1977; s i t e 20 w a s n o t u s e d b e c a u s e i t w a s s u f f i c i e n t l y h i g h t o have produced a n o t h e r anomaly i n a l o c a t
i o n a t which USGS d i d n o t d r i l l , t h u s r e d u c i n g t h e s t r o n g s i m i l a r i t y i n t h e t w o c o n t o u r maps.
A s e c t i o n of t h e 10-m t e m p e r a t u r e c o n t o u r
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. Comparison o f o u r 2-m Temperature Contours w i t h
Deeper Reconnaissance D a t a F i g u r e 12a presents t h e 10-m temperature contour data recorded by t h e U.S.Geologica1 Survey a t Long V a l l e y a s i l l u s t r a t e d i n ' F i g u r e 1 of Lachenbruch et a l . (1976) . I t is compared w i t h a camp u t e r -g e n e r a t e d c o n t o u r map* ( F i g u r e 12b) based on o u r 2-m temperat u r e data recorded a t t h e same l o c a t i o n . F i g u r e s 13a and 13b are computer-generated contour maps of t h e Cos0 s i t e u s i n g t h e 30-m t e m p e r a t u r e data of Combs (1975) and Combs (1976) and o u r c o r r e c t e d 2-m data, r e s p e c t i v e l y . Examination of these two sets of contour maps shows c l e a r l y t h e p l o t s are n e a r l y similar g e o m e t r i c a l l y , and t h a t any v a l u e t o a geothermal e x p l o r a t i o n program t h a t would a c c r u e from a standard deep r e c o n n a i s s a n c e d r i l l i n g program a t e i t h e r of t h e s i t e s would a l s o a c c r u e from o u r s h a l l o w temperature survey.
L o c a t i n g F a u l t s a t Cos0
The shallow s o i l . t e m p e r a t u r e survey t e c h n i q u e enabled Poley and Van Steveninck (1970) t o locate n e a r -s u r f a c e f a u l t s t h a t otherw i s e had no s u r f a c e e x p r e s s i o n . They showed there were s e v e r a l characteristic p r o f i l e s i g n a t u r e s which c o u l d i d e n t i f y where t h e p r o f i l e had c r o s s e d t h e n e a r -s u r f a c e e x t e n s i o n of t h e f a u l t . t h e C o s 0 area has many f a u l t s associated w i t h it (O'Hara, 1977 ; D u f f i e l d and Bacon, 1977) , w e attempted t o i d e n t i f y a f e w of them by e s t a b l i s h i n g two i n t e r s e c t i n g , p r o f i l e l i n e s w i t h r e l a t i v e l y close spacing between t h e probes.
_ . -S i n c e F i g u r e 14 shows t h e f a u l t i n g a t C o s 0 as i n d i c a t e d by t h e f i e l d work and p h o t o i n t e r p r e t a t i o n e f f o r t s of O ' H a r a (1977). Superimposed are o u r p r o f i l e l i n e s A-A' and B-B' w i t h probes l o c a t e d a t i n t e r v a l s of 320 m. F i g u r e 15 shows t h e t e m p e r a t u r e p r o f i l e s recorded along l i n e s A-A' and B-B'. t e r i s t i c s i g n a t u r e s i d e n t i f i e d by Poley and Van Steveninck (1970) is observed a t three l o c a t i o n s along both of t h e i n t e r s e c t i n g l i n e s . W e have p o s t u l a t e d f a u l t s across our p r o f i l e l i n e s as i n d i c a t e d i n Figure 14 . These f a u l t s appear t o be e s s e n t i a l l y c o i n c i d e n t w i t h those s u g g e s t e d by O ' H a r a (1977) . W e therefore o b s e r v e t h a t i n some areas u s e f u l s t r u c t u r a l i n f o r m a t i o n c a n be provided when a s h a l l o w t e m p e r a t u r e survey i s employed t o a s s i s t i n t h e i d e n t i f ication of geothermal anomalies.
W e n o t e t h a t one of t h e charac-
. A D i s c u s s i o n of t h e Shallow Temperature Survey Method
Kappelmeyer and Haenel i n t h e i r monograph "Geothermics," s t a t e d : Geothermal investifrom deeper bore holes but for t h e t w o case h i s t o r i w e have presen d here, i t seems at a t the Long V a l l e y and'coso s i t e s there is much redundancy i n t h e data gathered by standard reconnaissance d r i l l i n g 'techniques compared w i t h t h o s e gathered by t h e s h a l l o w s o i l tempeqature techn i q u e . With t h e b e n e f i t of i n d s i g h t , t h e dilemma posed above by Kappelmeyer and H a e n e l , c I d , w i t h r e s p e c t t o , e i t h e r of o u r s i t e s , be e a s i l y s o l v e d . D r i l l many 2-m h o l e s t o o b t a i n t h e o u t l i n e s of t h e anomaly and u s e t h i s s h a l l o w survey t o choose optimum locat i o n s f o r a f e w deeper r e c o n n a i s s a n c e h o l e s . The deeper h o l e s c a n p r o v i d e t h e t e m p e r a t u r e g r a d i e n t a n d thermal c o n d u c t i v i t y data necessary f o r a more thorough e v a l u a t i o n of t h e p o t e n t i a l of t h e geothermal prospect. B u t t h e combined cost for t h e "mixed survey" would be s i g n i f i c a n t l y less t h a n a s t a n d a r d reconnaissance survey of t h e t y p e conducted by Combs (1975) and Combs (1976) . F u r t h e rmore, i n t h e case of Coso, t h e r e s u l t s of t h e combined survey would produce much t h e same r e s u l t s -as t h e more expensive deep rec o n n a i s s a n c e s u r v e y .
From t h e data d e r i v e d ' from t h e deep reconnaissance survey a t Cos0 (Combs, 1975, and C o m b s , 1976) there is l i t t l e v a r i a t i o n i n t h e r m a l c o n d u c t i v i t y v e r t i c a l l y o r l a t e r a l l y , a n d there i s a close p o s i t i v e c o r r e l a t i o n between t h e geothermal g r a d i e n t and t h e heat f l o w . sance s u r v e y could be c l o s e l y approximated by t h e s h a l l o w s o i l t e m p e r a t u r e survey. I n s h o r t , t h e s h a l l o emperature survey cannot produce a l l t h e s p e c i f i c data of a deep r c a n , a t o u r case h i s t o r y s i t e s , p r o v i d e s u f f i c i e n t , d a t a so t h a t t n e same c o n c l u s i o n s about t h e anomalies c o u l ached a t much less c o s t .
The Long V a l l e r e n t because there is moving ground water c a t Long V a l l e y , w h i l e t h e water t a b l e i s approximately 100 m below t h e s u r f a c e a t Coso. However, there appears t o be a n i m p o r t a n t s i m i l a r i t y between t h e t w o : B o t h roughness, albedo and near s u r f a c e thermal d i f f u s i v i t y . T h i s s u g g e s t s o u r t e c h n i q u e s w i l l be more s u c c e s s f u l i n s i m i l a r A t C o s 0 t h e heat f l o w p a t t e r n d e r i v e d from t h e deep reconnaisn n a i s s a n c e s u r v e y , b u t it r e g i o n s t h a n i n humid ones where these variables have p o t e n t i a l l y greater range. h i s t o r y s t u d i e s , there are a large number of geothermal p r o s p e c t s i n t h e western U n i t e d States t h a t are i n a r i d areas similar t o those a t Long V a l l e y and a t Cos0 where our technique a p p e a r s immediately applicable.
Even though t h i s can be evaluated by more case From t h e data p r e s e n t e d , we see t h a t t h e s h a l l o w s o i l temperat u r e s u r v e y w a s able t o replicate t h e anomaly p a t t e r n s developed from t h e deeper, more expensive survey. t h a t t h i s w i l l a l w a y s be t h e case. Ground-water movement a t v a r i o u s d e p t h s between 2 m and 50-100 m could a l t e r t h e anomaly p a t t e r n s t o be d e r i v e d f r o m these r e s p e c t i v e depths. anomaly p a t t e r n s observed a t a depth of 100 m can, owing t o s t r u ct u r e or f l u i d movement, d i s a p p e a r a t deeper d e p t h s . Accordingly, i t i s u n s a f e t o project downward t o any great e x t e n t t h e anomaly p a t t e r n s o b t a i n e d a t 2-m depth j u s t a s anomalies a t deeper reconi n a i s s a n c e survey depths sometimes can be misleading. Y e t t h e anomaly p a t t e r n s o b t a i n e d a t a 2-m depth can be u s e f u l i n planning a l a r g e r , more c o s t l y exploration program, especially i n areas where there are no v i s i b l e surface expressions of s u b s u r f a c e geothermal a c t i v i t y . If there i s l i t t l e geothermal a c t i v i t y i n t h e area t h e data w i l l c e r t a i n l y show t h i s , as i n t h e case of t h e data gathered by Birman (1969) 180 km s o u t h of Cos0 w h e r e t h e d e v i a t i o n s from t h e mean of h i s s h a l l o w s o i l t e m p e r a t u r e s were m i n i m a l . Where there is geothermal a c t i v i t y , however, t h e 2-m data appears t o show i t a n d w i l l provide u s e f u l i n s i g h t s t o f u r t h e r e x p l o r a t i o n programs a t a a m i n i m a l cost. 
Summary
Shallow (2-m) s o i l t e m p e r a t u r e data have been collected a t 27 sites a t Long V a l l e y , C a l i f . and a t 102 s i t e s a t Coso, C a l i f . T h e s e are l o c a t i o n s where t r a d i t i o n a l deep r e c o n n a i s s a n c e geothermal s u rvey bore holes have been emplaced, a l l o w i n g u s t o compare d i r e c t l y o u r shallow t e m p e r a t u r e r e s u l t s w i t h s t a n d a r d geothermal e x p l o r a t i o n t e c h n i q u e s . W e have c o n s i d e r e d t h e e f f e c t s of s u r f a c e roughness, albedo, s o i l thermal d i f f u s i v i t y , topography and e l e v a t i o n i n making c o r r e c t i o n s t o o u r 2-m temperature d a t a . The corrected data f o r both locations have been p l o t t e d by computer t o avoid any p e r s o n a l b i a s , and have been compared w i t h t h e p u b l i s h e d 10-m contour data a t Long V a l l e y and t h e 30-m c o n t o u r data for Coso. metrical s i m i l a r i t y h a s been observed. W e have i d e n t i f i e d prev i o u s l y located f a u l t s w i t h o u r survey. expensiveness of o u r t e c h n i q u e , w e conclude t h e s h a l l o w t e m p e r a t u r e s u r v e y method should be o n e of t h e f i r s t geophysical s u r v e y s i n i t iated a t a geothermal p r o s p e c t t o h e l p g u i d e t h e development and e x p e n d i t u r e of f i n a n c i a l r e s o u r c e s when embarking on a d e t a i l e d e x p l o r a t i o n program.
Close geoDue t o t h e r e l a t i v e i nt: 
